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ABSTRACT 



A transport protocol that meets the requirements and per- 
formance for muhimedia data transfer in a wireless Unk 
includes a transmitting/sending station and a receiving sta- 
tion. The inventive protocol is referred to as the Burst- 
oriented Transport with Time-bounded Retransmission 
(BTTR). This scheme uses a large transmission window for 
sending/receiving a burst of time-sensitive data and, within 
this window, several smaller observation windows are used 
for dynamic error retransmission. There is a time limitation 
on each retransmission such that the burst of data can be 
received in a timely manner, and thus trading some packet 
losses (still in aii acceptable range) for delay and throughput 
performance. Speciiically, the wireless network includes a 
vwreless station for transmitting data over a wireless link. 
The sending station transmits a plurality of sequential data 
packets to the receiving station, wherein each plurality of 
sequential data packets form a respective Group-of-Packet 
(GOP). The receiving station detects whether any of the 
received data packets in each current GOP are corrupted 
before receipt of all data packets in the current GOP. The 
receiving station then transmits a negative acknowledge- 
ment (ACK) packet to the sending station before the receipt 
of all data packets in the current GOP, if at least one data 
packet in the current GOP is corrupted. Note that the ACK 
packet indicates which data packets are corrupted. In 
addition, the sending station selectively retransmits the data 
packets based on the indication of the received ACK packet 
before transmitting the next GOP to the, receiving station. 

16 Claims, 12 Drawing Sheets 
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DATA TRANSFER METHOD FOR WIRE 
REAL-TIME COMMUNICATIONS 

HELD OF THE INVENTION 

The present invention relates to a network and method of 
transmitting data packets, and, more particularly, relates to 
a network and transport protocol method of transmitting data 
packets over a wireless link for use in real-time multimedia 
applications. 

BACKGROUND OF THE INVENTION 

Wireless communication systems are now looking 
towards broadband solutions for future multimedia trans- 
mission. Wireless extension of broadband communications 
provides a radio access for the customers to enjoy integrated 
multimedia services. Technologies supporting such services 
include local area networks (LANs), wide area networks 
(WANs), wireless ATM, LMDS (Local Multipoint Distribu- 
tion Service), MMDS (Multipoint Multichannel Distribution 
Service, or wireless cable), and broadband satellite commu- 
nications. All of these systems are aimed to transmit data at 
a transmission speed from several Mega to several hundreds 
of Mega bits per seconds. 

As compared with wired broadband systems, there are 
additional factors that make the design of the wireless 
broadband system more difficult. For example, wireless 
communication systems are less reliable then wired systems 
due to a higher bit error rate, a comparatively longer 
propagation delay (especially as the transmission speed 
getting higher), and a higher packet error rate caused by less 
reliable Unks and movement of the mobile stations. It has 
been shown that the cell loss rate in a wireless ATM system 
is around 10"^ to 10"' with a bit error rate range lO""* to 
10"^. Further, in a wireless ATM system having a transmis- 
sion speed of 25 Mbps, it takes about 20 f4sec to transmit a 
cell. This implies that the propagation delay may equal the 
time it takes to of transmit several cells in a wireless LAN 
or the time it takes to transmit several tens of cells in a 
wireless WAN. These factors wiU affect the throughput of a 
flow-controlled transport' protocol. 

Another issue is the asymmetry in wireless communica- 
tion systems. Many studies have shown that the communi- 
cation protocol between a wireless station and its wired 
access point should be asymmetric because of the limited 
resources on a wireless station (e.g., a lightweight handheld 
device). They suggest that the complicated part of a trans- 
port protocol should be put on the wired access point which 
may have more power to handle the tasks. However, per- 
formance tends to decrease as complicated tasks are 
removed from the wireless station. Accordingly, it has been 
recently recommended that the end-to-end transport proto- 
col over wireless access network be divided into two parts 
in order to have a better performance, i.e., Indirect-TCP, and 
Mobile-TCP. This approach uses traditional transport pro- 
tocols such as TCP on the wired part and requires a new 
design on transport and data link protocol for the wireless 
part. At the wireless access point (or base station), some 
protocol will also be necessary. 

A further issue regarding the data transfer between two 
entities over a communication network requires careful flow 
controls on both sides to prevent the loss of packets due to, 
e.g., a shortage of buffers, a mismatch of processing rate, etc. 
Typical schemes can be classified into rate-based and 
quantum-based approaches. In the rate-based approach, the 
speed of sending packets is determined by its rate, i.e., by 
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controlling the delay time gap between the sending of two 
consecutive packets. In the quantum-based scheme, the 
speed of sending packets is based on the receiver's available 
resources, such as buffers. As shown in FIG. 17, the receiver 

S grants a window (W packets) for the transmitter via a control 
packet. Typicafly, this control packet is called an ACK 
packet (acknowledgment packet). However, the perfor- 
mance of this scheme is poor when the network link can 
process a large number of packets. In this case the network 

10 will have to wait for each packet to enter the receiving 
buffer. Further, control packets will also take a lot of time to 
arrive at the transmitter. In addition, during the sending of 
the control packet, other packets are not permitted to be sent. 
The well-known Internet protocol TCP/IP is currently using 

15 this method. 

In U.S. Pat. No. 5,084,877 and in the I.E.E.E. article 
entitled, "Design and Implementation of a High Speed 
Transport Protocol", I.E.E.E. Transactions on 
Communications, Vol. 38, No. 11, November 1990, 

20 pp.2010-2023 by A. N. Netravali, et al. a more aggressive 
approach has been proposed. In this method, the maximum 
possible number of outstanding packets is estimated, such 
that the packets may be sent earUer with a hope that the 
receiver will release new resources as the packets are 

25 received. With reference to FIG. 18, the control packet will 
carry available buffer information and maximum packet 
sequence number received information, W and LW,., 
respectively, to the sending site. Let UW,, be the packet 
sequence number which is about to be sent. Then NOB can 

30 be estimated by 

At the transmitter, the rules for permitting the transmis- 
sion of a packet would be based on a control window L. 
When NOB<L and W-NOB>0, then a new packet can be 
sent. This scheme can improve the throughput of sending 
large continuous and burst data. However, when the network 
link, e.g., a wireless link, has a high packet error rate, then 
it is likely that packets wiU be dropped. If a. packet is 
*° dropped, ien it needs to be retransmitted. The trafiSc load 
brought by retransmission may lower the throughput of 
sending normal packets. Since the network capacity is large 
(which exhibits a long propagation delay), the receiver state 
cannot quickly feed back to the transmitter due to the delay 
of control packets. Further, the NOB may be overestimated 
and pause the transmission. Thus, the system wiU be forced 
to idle before new control packet arrive. In this case, using 
a large control window L value and a large receiver buffer 
may relieve the problems but requires more space and 
expense. 

In U.S. Pat. No. 5,130,986, a two-window scheme was 
proposed to improve the above drawbacks. In this scheme, 
illustrated in FIG. 19, a receiver status map (RSM) is utilized 
having L bits, where each bit denotes the receiving status of 
the recently or soon to be received L packets. A bit 1 (0) 
represents that the packet is correctly (incorrectly) received 
and has been (not yet) stored in one of the L packet buffer 
spaces. Let N (RSM) denote the sum of all 1 bits in RSM. 
Thus, N (RSM) represents the current uncorrupted packets 
received but having not been acknowledged yet. Note, only 
when all packets are reassembled in sequence, can they be 
put on upper application processes. If there are still some 
sequence numbers missing, then the packets they should 
remain in the buffer. 

In this scheme, a better estimation of NOB is: 

NOB-N (RSM) 
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By using two windows LI, and L2, and letting L2 be very 
large and LI be approximately the network capacity, the 
performance can be improved. 

With respect to the transport protocol, two control win- 
dows are used for controlling the volume of transmitted 
information, e.g., the number of packets. The first window, 
called the network window, is used to limit the data in the 
network so that network buffer resources can be sized 
economically and to prevent excessive packet loss. The 
second window, called the receiver flow control window, is 
used to assure that packets are not dropped. However, this 
only inhibits packet loss due to the shortage of buffers. When 
the network itself is lossy, the retransmission traffic wiU 
become heavy. This is especially true when the network 
capacity is large. In such a case, the effect will make the 
throughput worse since the exchange of control packets wiU 
take more time. In a more serious case, when the control 
packet is lost, the system will be forced to idle and can only 
be resumed by a timer. 

U.S. Pal. Nos. 5,222,061 and 4,439,859 are related to the 
retransmission protocols where a major concern is the 
packet receiving sequence. U.S. Pat. Nos.- 4,712,214, 4,928, 
096 and 4,975,952 ate also related to retransmission proto- 
cols but use a different approach. This scheme uses a special 
data arrangement on the transmission of packets. For 
example, error correction codes and/or interleaving tech- 
niques are used to reduced the overhead of retransmission. 

In U.S. Pat. No. 5,084,877, packet retransmission is 
reduced by frequent and periodic exchanges of absolute state 
information, in lieu of incremental information. That is; only 
the enor packet will be retransmitted. 

In I.E.E.E. article entitled, "A Retransmission Scheme for 
Circuit-Mode Data on Wireless Links", I.E.E.E. Journal on 
Selected Area in Cornmunications, Vol. 12, No.8, October 
1994, pp. 1338-1352 by S. Nanda, et al., a scheme called 
RLP (radio link protocol) is disclosed that prevents the idle 
period during the loss of the control packets or during loss 
of the retransmitted packets. The scheme allows the sender 
to retransmit the unacknowledged packets preemptively 
when the system is in an idle state. Thus, there are possibly 
multiple copies of a unique packet that are outstanding in the 
networks. In a low-speed system with low network capacity, 
this scheme can efficiently improve the performance since 
the idle time has been removed and multiple copies of the 
packets may help the recovery of erroneous or lost packets. 

However, in a high speed system with high network 
capacity, the advantages of this approach will not be sig- 
nificant. In this case, the exchange of control packets is 
slower and some idle time occurs if small receiving/ 
transmitting buffers are used. This is true since the number 
of allowable outstanding packets may be large and thtis a big 
number of multiple packet copies will be sent and congest 
the network. 

It is therefore an object of the present invention to 
overcome the disadvantages of the prior art. 

SUMMARY OF THE INVENTION 

Based on the above prior art concerns, a transport protocol 
that meets the requirements and performance for multimedia 
data transfer in a wireless link is provided. Such a network 
configuration would require only small buffers on the both 
transmitting and receiving sides but permit a large number 
of outstanding packets unconditionally and independently to 
transmit to respective buffers. Further, there will not be any 
significant idle time during the transmission of a pre-granted 
burst of packets. 

The inventive protocol is referred to as the Burst-oriented 
Transport with Time-bounded Retransmission (B lTK). This 
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scheme tises a large transmission window for sending/ 
receiving a burst of time-sensitive data and, within this 
window, several smaller observation windows are used for 
dynamic error retransmission. There is a time limitation on 
each retransmission such that the burst of data can be 
received in a timely manner, and thus trading some packet 
losses (stUl in an acceptable range) for delay and throughput 
performance. 

Specifically, the wireless network includes a wireless 
station for transmitting data over a wireless link. The 
network, and in particular the wireless station includes a 
sending station and a receiving station. The sending station 
transmits a pliu-aUty of sequential data packets to the receiv- 
ing station, wherein each plurality of sequential data packets 
form a respective Group-of-Packet (GOP). The receiving 
station detects whether any of the received data packets in 
each current GOP are corrupted before receipt of all data 
packets in the current GOP. The receiving station then 
transmits a negative acknowledgement (ACK) packet to the 
sending station before the receipt of all data packets in the 
current GOP, if at least one data packet in the current GOP 
is corrupted. Note that the ACK packet indicates which data 
packets are corrupted. In addition, the sending station selec- 
tively retransmits the data packets based on the indication of 
the received ACK packet before transmitting the next GOP 
to the receiving station. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The following detailed description, given by way of 
example and not intended to limit the present invention 
solely thereto, wiU best be understood in conjunction with 
the accompanying drawings, in which: 

FIG. 1 illustrates an example of the B l IK protocol in 
accordance with the present invention; 

FIG. 2 graphically illustrates the retransmission method in 
accordance with the present invention; 

FIG. 3 illustrates a negative acknowledgement packet in 
accordance with the present invention; 

FIG. 4 illustrates the paradigm of the BTTR protocol 
retransmission scheme in accordance with the present inven- 
tion; 

FIG. 5 illustrates the paradigm of BTTR protocol out-of- 
scquence probability in accordance with the present inven- 
tion; 

FIG. 6 illustrates the sliding ACK window for a conven- 
tional RLP; 

FIG. 7 graphically illustrates the packet drop rate for a 
conventional RLP; 

FIG. 8 graphically illustrates the latency of the BTTR 
protocol having a burst length of 60 packets in accordance 
with the present invention; 

FIG. 9 graphically illustrates the latency of the BTTR 
protocol having a btu-st length of 480 packets in accordance 
with the present invention; 

FIG. 10 graphically illustrates the throughput of the 
BTTR protocol having a burst length of 60 packets in 
accordance with the present invention; 

FIG. 11 graphically illustrates the throughput of the 
BTTR protocol having a burst length of 480 packets in 
accordance with the present invention; 

FIG. .12 graphically illustrates the latency of the conven- 
tional RLP having a burst length of 60 packets; 

FIG. 13 graphically illustrates the latency of the conven- 
tional RLP having a burst length of 480 packets; 
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FIG. 14 graphically illustrates the throughput of the defined time period. Thus, once this criteria is achieved, the 

conventional RLP having a burst length of 60 packets; inventive B l IK can be identified as a real-time robust link 

FIG. 15 graphically illustrates the throughput of the protocol, 

conventional RLP having a burst length of 480 packets; xhc BTTR Protocol 

FTG. 16 schematically illustrates the network using the ' inventive BTTR protocol worics on a butst-by-burst 

BTTR protocol in accordance with the present mvention; ^^^^ ^ transmitting or sender station can send a burst of 

FIG. 17 illustrates the paradigm of a quantum based data packets continuously without delay since the system need 

flow control protocol; not wail for positive ACK packets, as is conventional. The 

FIG. 18 illustrates the paradigm of an agressive quantum jq burst length, denoted by Wj,, is given in terms of the number 

based data flow protocol; of packets. Before sending a burst, the station should send a 

FIG. 19 illustrates the paradigm of a two window proto- Bursi_Request packet to the targeting receiver. Then, the 

col' and receiver will issue a Burst_Confinned packet to the trans- 

FIG. 20 illustrates the arrangement of the control win- ^^"^"'^ a"'* 6^'^'^ ^^^^ window size W, 

dows in the packet header in accordance with the present 15 (correspondmg to the burst length). The process wiU then be 

invention followed by transferrmg the burst of packets between the 

sending station and the receiving station. Finally, the send- 

DETAILED DESCRIPTION OF THE PRESENT ing station will issue an End_of _Burst packet to the 

INVENTION receiver. 

Introduction During the burst transfer process, packets are partitioned 

Generally, a wireless link is susceptible to higher packet sub-groups, each referred to as a GOP (Group of 

error rate than a wired link. In addition, the ratio between the Packet). Each burst may contain many GOPs, where each 

propagation delay and the packet transmission in a wireless GOP consists of W„ packets. Thus we have 
link is not negligible. Typically, each wireless station com- 

prises a transmitter and receiver pair where the traasmitler w^^a-W^ a>l 
and the receiver each have a small data buffer. Further, the 

wireless hnk typically has limited data processing capabili- At the receiving station, the status of the receivmg buffer 

jjgg will be examined and the ACK packet will be issued such 

. .. ,1 L J , ^1, „ that one ACK packet will arrive at the transmitter right 

The mventive protocol may be used on a network, as , - .^^^vn • . j -m. a,^t^ i . 

illustrated in HG. 16. Network 10 includes a wireless station '^l^'TJ^^^ u ^.T ! v P'f™ ' 

20 having a transmitter/sender 22 and a receiver 24, which the basic SR-ARQ method (albeit without positive ACK) for 

are the focus of the present invention. In addition, network "f"^^"^^ ^.^f"^^ which is observed within 

10 includes a wired station 30 also having a transmitter/ packets transmission Ume (one GOP Ume) If there 

sender 32 and a receiver 34. Each sender and receiver 3, are any error packets the sender will attempt to retransmit 

includes a buffer, B, to store data and information packets. ^"""^ ^""^ packet(s) before sending the next GOP 

As shown, the wireless station uses the inventive Burst- The control information and W„, briefly described 

oriented Transport with Time-bound Retransmission above, wiU now be further explained. It is very common that 

(BTTR) protocol, while the vWred station is illustrated «he control mformaUon of a protocol is exchanged through 

having the ubiquitous TCP/IP protocol. Packet header, e.g., by letting the mformation be carried m 

To provide for error control. Selective Repeat Automatic ^^^^ ACK packet which is sent from the receiver 

Repeat-Request ARQ (SR-ARQ) is conventionally used for If" '° transmitter. An example of exchanging W, and 

. . . „ 1 . .u . t J . u „ W„ usmg packet header is now descnbed as follows, 

retransmission of packets that are found to have errors. " ° 

However, the semantics of error retransmission in the inven- is for controUing the maximum number of outstanding 

tive BTTR protocol differs from the ordinary SR-ARQ 45 packets, referred to as a transmission burst, that a transmitter 

method. Traditionally, a transmitter confirms that it has may send without waitmg any ACK packet. W„ is a smaller 

successfully transmitted a data packet to a receiver when a control wmdow that is used for limiting the size of a GOP. 

positive acknowledgment packet for the sent data packet is A GOP that is controlled by W„ means that the receiving 

received. In some implementations, timers are often used at status of this group will be acknowledged by an ACK packet 

the transmitter. When a packet is sent, a corresponding timer so counUng packet transmission time (PTT). The 

will be set to a given period. It will be retransmitted when content of W„ will be extended dynamicaUy by the receiver 

its timer is expired or a corresponding negative acknowl- dependmg upon whether or not there are error packets. For 

edgement is received. This is known as the Positive ACK synchromzation purposes, W„ is sent back to the transmitter 

method. An immediate disadvantage to the Positive ACK is for each GOR Thus, two extra fields in the packet header is 

the large transfer latency when bit error rate on the link is 55 required. 

very high. Thus, Positive ACK is not practical for real-time FIG. 20 shows an example of arranging the control 
communication in a noisy environment, windows in the packet header. lUustratively, a flag NB (new 
In the BTTR protocol, a different error control semantic burst) indicates that the content in the field Wj is valid and 
is used, called Negative ACK. In this scheme, a transmitter is granting a new burst of transmission to flie transmitter. In 
is identified to have successfuUy sent a data packet to the 60 » protocol with fixed-length packets, the unit of these two 
receiver if a negative acknowledgement (a negative ACK fields can be in terms of packets to save the header space. 
packct)is not received withinapre-defined period. Although For simplicity, we use a single packet transmission time 
an immediate disadvantage of using Negative ACK is that a (PTT) as the unit time, discussed herein. Note that we have 
high error rate can produce a proportionally high amount of assumed a noisy wireless environment and a non-negKgible 
ACK packets (thus increasing data transfer latency), real- 65 link propagation delay. In order to achieve real-time corn- 
time communication can be realistically achieved by limit- munication and a continuous burst transfer, some principles 
ing the number of negative ACK packets sent in the pre- should be followed, as described below. 
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1. In order to have one ACK packet arriving at the 
transmitter right before the next GOP is transmitted (to 
maintain continuous .data transfer), the receiver should 
issue the ACK packet before receiving the complete 
GOP. s 

2. The receiving buffer status should be checked at every 

period. Each ACK packet will indicate the error 
status reflecting the new packets received within the 
current period. 

3. The transmitter, upon receiving the ACK packet, wiU 
retransmit the corrupted data error packet(s) before 
sending the next GOP. 

4. The ACK packet will be sent only once in every control 
window Wj,. 15 

Any corrupt data packet in the receiving buffer will cause 
an out-of-sequence packet stream, i.e., create a hole in the 
receiving buffer. Too many holes will exhibit visual flutter 
caused by an unacceptably high packet drop rate. Note that 
since there is only one chance for packet retransmission in 
every GOP, the error packet(s) can be recovered within a 
time-bounded delay, while maintaining an acceptable packet 
drop rate. 

An example showing the transmission of a burst is given 
in FIG. 1. There are multiple control windows W„ (one ^5 
GOP) used for error status observation at the receiver during 
this illustrative burst. Let all packets have the same packet 
length. In this example, the control window is 8 PTTs. 
The first three GOPs are: GOPl with packets 1, 2, 3, ... , 
GOP 2 with packets a, b, c, . . . , and G0P3 with packets i, 30 
ii, iii, . . . etc. We also assume that the signal propagation 
delay equals 3 PTTs. Thus, the receiver will send an ACK 
packet after the arrival of the 2nd packet in each GOP, such 
that the ACK packet will be received right before the 
transmitter sends the next GOP. In the first control window, ^5 
packet 2 is found to have an error and thus it is retransmitted 
before its sending the next GOP. In the second control 
window, packets 4 of GOPI and b of G0P2 should be 
retransmitted. However, since the only allowed ACK packet 
has already ben transmitted, packets 4 and b are considered *o 
as lost packets. In the third control window, note that 
retransmitted packet g contains an error again (after the 
ACK packet indicated the original error in packet g) and thus 
it too is lost in this burst. Accordingly, packets can be lost 
due to the lack of more than one ACK packet per control '•5 
window and lost due to retransmitting an error packet with 
another error packet. However, the lost packets have been 
determined to be acceptable. 

The Retransmission Method 

Let p,, P2 . . . p„, represent the group of packets sent 
' within the control window W„. Then, we have 

W„-ii(P77i) ■ (1) 

Assume that is fixed during the interval of sending a 55 
burst. As mentioned earlier, in order to have a continuous 
transmission between the wireless station and the fixed 
■ station, the ACK packet is required to arrive at the trans- 
rhitter before the next GOP is transmitted. Due to non- . 
negligible signal propagation delay (e.g., 3 PTTs), the 60 
receiver should send the ACK packet earlier before the 
arrival of the last packet p„. Assume that the ACK packet 
should be issued earlier right after receiving the packet 
p„,u§n. Let ip denote the propagation delay between the 
wireless station and the fixed station. Now we derive the 65 
relationship for t^, n, and u as follows with respect to 
equations 2-5. 
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In FIG. 2, three different cases for relationship of ^, n, and 
u are shown. In FIG. 2(a), it is assumed thatOSt^Sn/2. Then 
we have 

B=u+2-<p (2) 

FIG. 2(b) illustrates that ■n/2StpSn. Then we have 

2n=«+2-t, (3) 

For a more generalized case, FIG. 2(c) illustrates that 

(fi-l)n p-n 
2 ^ ^ ^ 

where P is a positive integer. Accordingly, 

pn=«+2i, (4) 

Hence, in general, we have the relation for t^, n, and u as 

«-p-"-2f, (5) 

At this point, the retransmission procedure algorithm will 
be described separately for the transmitter and receiver as 
follows. 

The Sender Station's Process 

The relatively simple process for the sender station to 
transmit GOPs to the receiver is as follows: 
Step 1. Send the next GOP. 

Step 2. If an ACK is received, send the error packet(s). 
Step 3. Goto Step 1. 

Note that in the above algorithm, it is allowable that an 
ACK packet does not arrive on time due to, e.g., a synchro- 
nization problem. A possible implementation is to 
re-synchronize those ACK packets using a small timing 
error, i.e., plus or minus one or two PTT. Further, we may 
ignore those ACK packets having a large timing error, such 
as more than 8 PTTs (equivalent to transmitting a GOP). In 
order to ensure proper synchronization, we need packet 
sequence information on both the data packet and the ACK 
packet. In the BTTR protocol, the packet sequence is 
represented by a pair of sequence numbers called packet 
identifiers which consist of a GOP identifier and packet 
sequence number. ¥IG. 3(a) illustrates a packet identifier in 
a data packet. For simplicity, the packet identifier is denoted 
as 

(GOP0^,seq), 

where GOP id is the GOP identifier and seq is the packet 

sequence number. As stated, the ACKpacket is also required 
to carry packet identifier information in order to facilitate 
selective retransmission. Since the receiving status of more 
than one packet is to be carried in only one ACK packet, we 
use a bitmap approach, known in the art. In FIG. 3(i)), the 
ACK packet has a starting packet ID (SID) and an ending 
packet ID (BID) for indicating the sequence range. The 
subfield bitmap has n or more bits, where each bit represents 
the status of a received packet. Note that the leftmost bit 
represents the status of a received packet, while the identifier 
SID and the rightmost bit represents the status of the packet 
with identifier BID. 

At the receiver, an algorithm is required to control the 
timing of sending an ACK packet, as well as to control the 
receipt of new data packets. As previously stated, the 
receiver needs to issue an ACK packet right after receiving 
the u-th packet. However, it is possible that the packet u 
itseff may be damaged, which may prohibit the receiver 
from sending the ACK packet. Thus, for a more reliable 
implementation, we may use a more robust error correction 
method (as is known by one skilled in the art) on the packet 
header. Moreover, we may utilize an ACK_countdown for 
greater accuracy, as described in the following method. 
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The Receiver Station's Process 
Step 1. Set ACK^countdown=u. 
Step 2. Receive a data packet. 

Step 3. If the received packet is a retransmitted packet, 
then go to 2. 

Step 4. If the received packet is a new packet, then 

decrement ACK_countdown, 
Step 5. Let the new packet identifier (GOP_id, seq)=(ij). 
Step 6. If j=ti or ACK_countdown=0, then send an ACK 

packet and let ACK_countdown=n. 
Step 7. Go to Step 2. 

As discussed, each ACK packet contains information 
regarding packet error indication. According to FIG. 2 and 
the above method, the ACK packet sent in the i'* GOP could 
report the status of the packets from to p„, which belongs 
to the i'* GOP, and ako to those packets from p„+l to p„, 
belonging to the (i-l)'* GOP. FIG. 4 illustrates the paradigm 
of the BTTR re-trahsmission scheme. At the transinitter's 
buffer, the data packets with a packet identifier smaller than 
(i,u) can be removed &om the buffer after the corresponding 
ACK is received and processed. Remember that in the 
BTTR scheme, the ACK packet is sent only once for each 
W„ period. Thus, data packets having a packet identifier 
smaller than (i,u) can be removed regardless of whether the 
retransmitted packets were received by the receiver or not. 
This is important since the transmission buffer of a wireless 
station is limited. 

To summarize the BTTR protocol, if a burst is transmitted 
without any data packet errors, the data packets of a GOP are 
transmitted consecutively without interruption. However, if 
a burst is transmitted with a data error, then the transmission 
of the packets will be stopped temporarily by transmitting an 
ACK packet. Note that the delay is small since the ACK 
packet is sent only once (if at all) per GOP. The required 
transmitting and receiving buffer at both the sender and 
receiver, respectively, remains small as compared with the 
burst length, as will be discussed below. 

The Sender Station Buffer Size 

The BTTR protocol is designed for, but not limited to, 
wireless communications, especially for mobile stations 
with limited processing power. Thus, it is a priority to 
minimize the number of states, as well as to minimize the 
use of resources, such as the transmission and receiving 
buffers. The maximum buffer size required at the transmitter 
can be determined by n and ^ and is independent of the burst 
size Wj,. Referring back to FIG. 4, after sending the (i-l)th 
GOP, the transmitter receives an ACK packet containing the 
status of data packets that have identifiers earlier than (i-1, 
u+1). Thus, it can delete packets pj, p^ . • . , p„ from the 
buffer, while maintaining n-u data packets in the buffer. The 
sender will then wait another n packets of time (equal to WJ 
to get another ACK packet. Since there is only one oppor- 
timity per control window to retransmit corrupt packets, the 
transmitter will need at most n+n-u=2 n-u packet space in 
the transmission buffer. Returning to Equation (2), we have 
u=n-2 tp. Thus, the required transmission buffer would be 

2n-«-/]+2-/p (6) 

In a more generalized case, such as in FIG. 2(c), the 
transmitter should wait for another pGOPs before another 
ACK packet is received. Therefore, the transmitter will need 
at most (p+l) n-u packet space for transmission buffer. 
From Equation (5), we have 

{P+l)-/i-u=(P+l)n-pn +2f,=m-2t (7) 
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Receiving Buffer Size 

At the receiver, the maximum buffer size is also deter- 
mined by n and tp. At first, the receiver sends an ACK 
packet, after receiving u packets, containing the status of the 

s data packets before p„^.i. If, in the worst case,, the next 
incoming packet p„^j has an error, than any non-erroneous 
data packets having a sequence number after p„^j cannot be 
removed before the retraosrnitted packet(s) arrive. However, 
the retransmitted packet will be triggered by the next ACK 

10 packet sent immediately after n packet time. The receiver 
should wait for another n packet time to allow for the 
possible arrival of a new retransmitted packet. Since there is 
only one chance for packet retransmission, the receiver will 
also need at most 2 n-u packet space for the receiver buffer. 

15 PERFORMANCE ANALYSIS 
Out-of-Sequence Probability 

The performance of the inventive BTTR protocol wiU be 
analyzed for transmission throughput, delay, and packet 
drop rate in a burst. The error status of the receiver is 

20 reported in every control window, that is, the receiver will 
check whether there is any packet out of sequence when W„ 
packets are received. Thus, we need to know the probabiUty 
of encountering data packets out-of sequence for each 
control window. Let X represent the size of control window 

25 L and the number of packets which cause an out-of-sequence 
pattern. Then the probabihty of finding an out-of-sequence 
pattem at the time of sending the ACK packet is 

n 

3Q Pr{L£ n\X = «) = ^ f''^'^ = W = n) 

i=i 

It is known that the wireless link will have a bursty bit 
error pattem, that is, the data burst will fluctuate between 
35 good and bad states. For simplicity, let p denote the average 
packet error caused by the bit errors. Also, let the function 
f(njc) represent the probability Pr{L=k|X=n}, i.e., 

f(n, k)*Pr{L-kiX-n] 

40 To calculate f(n,k), we consider the first of the n packets 
between two transmitted ACK packets, 
p„, as shown in FIG. 5. Since f(njc) represents the probabil- 
ity for having k error packets out of n packets, it equals to 
the summation of two conditions as follows. In the first 

45 condition, the first packet p„^.j has an error. Then, there must 
be (k-1) packets having errors out of the other (n-1) 
packets. In the second condition, the first packet is correct. 
Then, there must be k packets having errors out of the other 
(n-1) packets. Since p is the average packet error rate, we 

so derive f(n4c) by the above two conditions as follows 

An.k)'-p-f{n-l. t-lW-p) f(n-i. *) (8) 

When k-1, the function f(n,l) can be represented as 
follows 

55 

/(n, i) = [J-p-(i-pr'-p-(i-pr' 

60 

Note that in the above ca.se, it is not an out-of-sequence 
pattern when the last packet (packet u in FIG. 5) has not yet 
arrived or has an error. As stated, there are delay variances 
when transmitting the packets. It is possible that the status 

65 of packet u is still unknown when ACK countdown-0 

(when the ACK packets is transmitted). For simpUcity, we 
will assume that a packet is correct when its status is still 
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unknown at the lime of AeK_countdown=0. Then f(n, 1) 
will be represented by Equation (9) instead of p-(l-p)""'. To 
calculate f(n^), we start from calculating f(n,2) by using the 
recursive definition of Equation (8), and list an array of 
equations as follows. 

M 2)-pAn-i.l W-pYKn-iX) 
j[n-i;iy.p-A»-2,iw-py/(n-i^) . . . x(i-p) 

/(»-3^>:P-/(«-4,1)+(1-p)-/(/-4^) . . . x{l-py 

A3. 2)=p-/(2, 1)+(1-P)-/1?, 2) . . . A<1 -p)-' 

By taking the summation of the above equations, we 
derive f(n,2) as follows. 

(10) 



12 

-continued 



pr 



By mathematical induction, we have proved that Equation 
(13) is true when k is a positive integer from Equation (15). 
BTTR Performance 
15 Packet Drop Rate 

We observe the average packet drop rate, PDR, in a single 
burst. Let the burst length be N and control window size 
W„-n. In each control window, if there are i packets having 



(lU) " - i - 

V(L-p)'-i. /(„-,-, 1) +(1 -pr' /(2,2) 20 ^"^^ regarding the ACK packets, 

i.i J First, if the ACK packet is lost, then i packets wiU be 



From Equation (9), we have 



/(«. 2) = . (1 - pr' ■ '""'"""^^ + (1 - pr-' ■ nx 2) 



First, if the ACK packet is lost, then i packets wiU be 
dropped. Second, if the ACK packet is correct, then in 
average, there will i p packets having errors during their 
retransmission. Also assume the ACKpacket error rate is p*. 
(11) 25 Then we have the average packet drop rate as 



Using the same approach, we have f(n,3) as follows. 



/(n,3) = p'-(l-pr 



.3 («-l)(n-2)(n-3) ^ 



(12) 



(n - 3) ■ p ■ (1 - pr' ■ /(Z 2) + (1 - pf-' -/O, 3) 
To derive f(njc) we assume 



35 



^ n - 1 /(n, 0 . (p- • / + (1 - p- ) • 1 ■ p) 

PDR= — '■ 

n 

When p*-p, then we have 

^n-l/(n,0-(P'+(l-P)-'-p) 



(16) 



(17) 



PDR= ■ 



/(n,i) = p*-(l-p)»-* 



(13) 



f](n-/) •p»-2-(l-p)"-'-/(2,2) + 



p»-'.(l_p)"-«./(3, 3) + 



Y\in - y)J(l - p)"-* •/(* - 1. * - 1) + 

(I -p)^-* •/(*,« 



Latency 

40 The latency LT, inherent in sending a burst via a wireless 
system, includes propagation delay and additional packet 
retransmission delay. As the name suggests, additional 
packet retransmission delay refers to the delay caused by 
re-transmitting erroneous data packets, when necessary. 
Specifically, in each control window, if there are i packets 
having errors, then there will be an additional delay in 
re-sending these i packets, under the condition that the ACK 
packet is received. Thus, the expected average delay for 
retransmitting the error packets in a control window would 
be 



When k=k+l, we may derive f(n,k+l) from Equation (8) 
as follows. 



*+l).^/i;n-l,k)+(l-p)/i:«-l,k+l) 

From Equations (13) and (14), we have 



/(«,t + i) = p*-"(i-py 



;=3 



(* + l)! ^ 
/-'•(l-p)"-'-'-/(2 2)4. 



55 



(14) 



£/(n,0(l-p')-/ 



Thus, the overall latency of sending a burst would be 



(13) 60 tr=|^-^/(n,0(<-P') 'j 



(18) 



)■' +'p 



Throughput 

65 The effect throughput TH of sending a burst is the ratio of 
the average number of transmitted packets to the average 
delay in transmitting these packets. That is, 
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N(l-PDR) 

TH= — —— -+N 

LT 



(19) 



Comparison 

BTTR will now be compared with a more robust conven- 
tional positive ACK SR-ARQ method, that is not capable of 
real-time multimedia transmission. In the literatures, high- 
throughput protocols have been well-studied on low-error 
links. Many ARQ schemes had been proposed for various 
applications, such as ARQ on Frequency-Hopped channel, 
improved Go-back-N for satellite communication, hybrid 
ARQ/FEC for wireless, selective ARQ for celMar radio 
Hnk, and ARQ performance analysis. Among them, the 
Radio Link Protocol (RLP) in is used in U.S. digital cellular 
TDMA standard. It is a reliable protocol and performs well 
with novel selective retransmission mechanisms, grouped 
ACK feedback and preemptive retransmission schemes all 
for non-real time applications. Thus, the robust RLP will be 
compared to the inventive BTTR protocol to set the. bench- 
mark. 

Stop-and-Wait Radio- Link Protocol 

As with the BTFR protocol, RLP also sends ACK packets 
after receiving a group of packets. We refer to the length of 
this group of packets as the ACK control window. If an 
out-of -sequence pattern occurs, then an ACK packet having 
a status bitmap will be sent to call for retransmission. 
However, RLP uses a coinplex sliding control window such 
that the control of received ACK packets will be more 
efScient. At the receiving station, the ACK control vwndow 
will move forward in a packet-by-packet basis and stop at 
the first packet which is incorrectly received, as shown in 
FIG. 6. The ACK control window will not move forward 
unless the incorrect packet has been correctly recovered. 
After a period of time, e.g., a timeout occurs, another ACK 
packet will be transmitted. At the transmitter, a mechanism 
called preemptive retransmission is used when the transmit- 
ter is waiting for further ACK packets. The transmitter will 
be forced to be in an idle state when no further ACK packet 
has arrived. The preeinptive retransmission allows the idle 
transmitter to retransmit the non-ACK (i.e. data) packets in 
multiple copies with a hope that the error will be recovered 
quickly. 

Although in this analysis, we will analyze the perfor- 
mance of the RLP vis-a-vis the inventive BTIR protocol, it 
is very diEBcult to analyze RLP with its sliding ACK window 
and preemptive retransmission by mathematics. For 
simplicity, we will analyze the "stop-and-wait" version of 
RLP having a control window that only slides forward by 
moving from one GOP to the next, instead of sliding forward 
on a packet-by-packet basis. Also, in stop-and-wait RLP, the 
preemptive retransmission is inactive. 
Latency 

Let control window size be equal to n. Thus, we know that 
the transmission/receiving buffer required at the both sta- 
tions will be n. For a fair comparison, we will analyze the 
latency for sending a burst of N packets. 

Within each control window of size n, the probability that 
there is are i packets causing an out-of-sequence pattern is 
f(n,i) and thus an ACK packet will be sent. If the ACK 
packet is correctly received, then it needs to wait for another 
iPITs to receive the retransmitted packets. However, it is 
possible that some of the retransmitted packets still contain 
errors. Therefore, a second ACK feedback will be sent, and 
if there are still errors, a third ACK packet will be sent, and 
so on until all the errors are corrected or a timeout occurs. 
Since the average packet error rate is p, it is assumed that 
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there will be i-p packets that will require two times 
retransmission, and i-p^ packets that will require the three- 
times retransmission. Thus, under the condition that the 
ACK packet is received correctly, the expectation of the 
average latency caused by the above retransmission can be 
represented by 



(i-p)-/4-(i-p)-f-p + (i-p)-;.p'+(i-p)-<'p' + ...= 



(20) 



10 



(i-p).; 



1 



In case that the ACK packet itself contains an error, the 
sender cannot recognize the ACK packet message and thus 
will riot re-send the packet(s). Then, the receiving station 
will scad another ACK packet after a timeout and wait to 
recover the retransmitted packets once again. Usually, this 
kind of retry will be done several times until the receiver 
decides to give up or all the packets have been corrected. 
Let's conservatively assume that the timeout value to be the 
round-trip propagation delay, which is 2-tj,. Then the expec- 
tation of the additional latency for this case would be 



p-2 r„ + p (l-p)-2 ;p + p (l -p)2 -2-fp + ... = 



(21) 



25 



■2-r, 



1-H-p 



■=2./„ 



Thus, the latency of the stop-and-wait RLP for control 
window of n is 



^/(n.0-(i + 2-r,) 



(22) 



35 



For comparison, we need to calculate the latency of 
sending N packets, denoted as LT^^. That is 



LTsw 



= |n + r,+|]/(n,0-(n-2- 



(23) 



Throughput 

The throughput of the stop-and-wait RLP, denoted by 
THiw. is simply 



N 



(24) 



LTsw + N 



Conclusions 

We evaluate the performance by calculating f(n,k) using 
Equation (13). The control window size n is set to 5PTTs, 
lOPTTS, and 30PTTs. The burst .size N is set to 60 and 4S0, 
respectively. The propagation delay t^ is set to IPTT, SPTTs, 
lOPTTs respectively. 

In FIG. 7, the packet drop rate (PDR) is plotted. It is found 
that using different control windows n does not make a big 
performance difference on PDR. It also shows that PDR is 
approximately equal to p^. Compare this to the similar 
results in FIG. 8 (plotting the packet drop rate for BTTR at 
a burst length N=60) and it shows that the inventive BTTR 
protocol achieves good performance with respect to the 
packet drop rate even utilizing time-bounded retransmission. 

In FIGS. 8 and 9, the latency LT is plotted for different 
burst lengths of N=60 and 480, respectively. It is found that 
the LT has a steady performance close to the value t_ when 
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the packet error rate p is smaller than 10"^. This means that The BTTR protocol uses time-bounded retransmission 
the burst of data can be transferred without additional constraints and burst-oriented transmission, which is shown 
latency under a very limited transmission and receiving to be able to satisfy the requirements of real-time 
buffer. For example, when ^^SPTTs and N=480, the trans- applications, such as video and voice, transmissions, 
mission buffer is 10, 15, 35 for n=5PTTs, lOPTTs, 30PTTS 5 - Meanwhile, the latency and throughput performance 

respectively. achieves a greater than acceptable level. Another advantage 
In FIGS. 10 and 11, the throughput TH is plotted for of using the inventive BTTR protocol is that the transmis- 

different burst lengths of N=60 and 480, respectively. It is sion and receiving buffer can be far smaller than the burst 

found that a large burst length can reduce the effect of t^. length. 

However, even in a short burst length, a throughput of 85% lo Finally, the above-discussion is intended to be merely 

is still achieved for packet error rate lower or near 10"^. For illustrative of the invention. Numerous alternative embodi- 

a long burst length (N=480), a throughput of higher 95% can mcnts may be devised by those having ordinary skill in the 

be achieved even when tp is very large (tp-lOPTTs). art without departing from the spirit and scope of the 

Note that in the results, the variation of the control following claims, 

window size n does not make significant effect on the 15 What is clairned is: 

performance when packet error rate is lower that 10"^. When 1. A transport protocol process for transmitting data from 
packet error rate is greater than 10"^, however, a small a sending station to a receiving station over a wireless link, 
control window will perform better. For example, in FIG. 8 wherein said protocol prohibits using positive acknowledge- 
when tp=l, the latency is about llPTTs for n=30 and is about ment (ACK) packets, said process comprising the steps of: 
SPTTs for n=5 at packet error rate of 10-\ This is because 20 transmitting, by said sending station, a plurality of 
a smaller control wmdow will create more opportunities for sequential data packeu to said receiving station, 
error checkmg and retransmission. Further, the out-of- wherein each said pluraUty of sequential data packets 
sequence probabiHty within a large control window is fonn a respective Group-of-Packet (GOP)- 
h^r, thus providing a longer latency To summarize, the a^.ecting whether any of said received data packets in 
BTTR scheme performs steadily well when the average 25 ^ach current GOP are corrupted before receipt of all 
packet error rate is low or moderate. As the higher packet ^^^^ ^^^^^ ^^^^^^ QOP 
error rate (i.e., 10"^), the BTTR scheme performs well with , „ ... 
smaller control window In addition, a longer burst length transmitting by said receiving station, a negative 
will achieve a higher performance. Therefore, to adjust or acknowledgement (NAK) packet to said sending 
tune the performance under various packet error rates, 30 station before the receipt of all data packets m said 
simply adjust the burst length. current GOP, only if at least one of said data packets m 

The performance of the stop-and-wait RLP is iUustratedin 

FIGS. 12 to 15. In FIGS. 12 and 13, the latency performance P'*" corrupted data packets; and 

is shown having different burst lengths of N=60 and 480, selectively transmittmg, by said sending station, said data 

respectively. It is found that the performance is strongly 35 packets indicated by the received NAK packet before 

affected by the value t^ and n. Normally, a larger control transmitting the next GOP to said receiving station if a 

window size n will result in better performance, which predetemimed tune is unexpired, 

implies a larger transmission and receiving buffer space is wherein Uie prohibition of said ACK packets reduces data 

required. This can be explained as follows. We have noted propagation delays. 

that a larger control . window will suffer from a higher 40 2. The process of claim 1, wherein said step of detecting 

probability of an out-of-sequence pattern. However, the detects corrupted data packets the step of analyzing all data 

stop-and-wait RLP is designed to have virtually error-fiee packets in a buffer of said receiving station once every 

transportation. A smaller control window will break the predetermined time period. 

burst of transmission into multiple smaller bursts and each ^- Tbe process of claim 2, wherem said predetermined 

smaller burst will perform substantially error-free transmis- 45 time period equals time required to transmit a complete 

sion. Also note that the scheme performs better under a GOP. 

smaller t^, due to the fact that the error recovery process is The process of claim 1, wherein said NAK packet, 

strongly affected by the value of t^. A larger burst length comprises a GOP identifier and a packet sequence number to 

(which inherently will contain more control windows within indicate which data packets in which GOPs contain cor- 

it) will result in a longer latency given that the control so niptd data. 

window size and t^ are fixed. 5. The process of claim 2, wherein said sending station 

In FIGS. 14 and 15, the throughput performance of the includes a buffer having a storage capacity of n+(2xtp) 

stop-and-wait RLP is shown having different burst lengths of packets, where n equals the number of packets in a GOP, and 
N-60 and 4S0, respectively. The results are very similar to • tp equals the propagation delay. 

that for the latency. Note that the performance for different 55 The process of claim 2, wherein the receiviug station 

burst lengths is very similar. This is due to the independent buffer having a storage capacity of 2x(n-u) packets, where 

error recovery process within each control window. n equals Uie number of packets in a GOP, and u equals the 

It is important to note that in the BTTR protocol, the time to transmit said NAK packet, 

required transmission buffer is n+2-^, while the required 7. The process ofclaiml, wherein the predetermined time 

buffer size in the stop-and-wait RLP is only n. Accordingly, 60 once. 

it is somewhat unfair to compare both protocols. However, ^- The processof claim 1, wherein n equals the number of 

the two protocols may still be observed from the above packets in a GOP and the U* packet represents a predeter- 

result. For example, when tp=10 and n=10, the BTTR mined packet in the sequence of packets in said GOP, and 

tiiroughput is around 85% at packet error rate of 10"^ as furtfier comprising the steps of: 

shown in FIG. 10. In tiiis case, BTTR transmitter requires a 65 setting a counter equal u; 

buffer of 30. Compare tiiis to FIG. 14 illustrating the RLP receiving, at said receiving station, a current packet in 

throughput which is around 60%. for n-30 and t^-lO. said GOP; 



04/20/2004, EAST Version: 1.4.1 



us 6,4 

17 

recovering from a corrupted packet if the received packet 

was retranstoitted; 
decreasing said counter by 1 if said received packet is 

new; 

transmitting an NAK packet and setting said counter 
equal to n if said received packet is said ti'* packet; and 

receiving, at said receiving station, a next packet. 

9. A network including a wireless station for transmitting 
data over a wireless link, wherein said network prohibits 
using positive acknowledgement (ACK) packets, compris- 
ing: 

a receiving station; and 

a sending station for transmitting a plurality of sequential 

■ data packets to said receiving station, 

wherein each said plurality of sequential data packets 
form a respective Group-of-Packet (GOP), 

wherein said receiving station detects whether any of said 
received data packets in each current GOP are cor- 
rupted before receipt of aU data packets in said current 
GOP, 

wherein said receiving station transmits a negative 
acknowledgement (NAK) packet to said sending 
station, before the receipt of all data packets in said 
current GOP, only if at least one of said data packets in 
said current GOP is corrupted, where said NAK packet 
indicates corrupted data packets, 

wherein said sending station selectively retransmits said 
data packets based on the indication of the received 
NAK packet before transmitting the next GOP to said 
receiving station if a predetemiined time is unexpired, 
and 
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wherein the prohibition of said ACK packets reduces data 
propagation delays. 

10. The network of claim 9, further comprising a wired 
station coupled to said wireless station, for receiving said 
data packets therefrom. 

11. The network of claim 9, .wherein said sending and 
receiving station each include a buffer, respectively. 

12. The network of claim 9, wherein and receiving station 
10 analyzes all data packets in the receiving buffer, to determine 

said corrupted data packets, once every predetermined time 
period. 

13. The network of claim 12, wherein said predetermined 
time period equals time required to transmit a complete 
GOP. 

14. The network of claim 9, wherein said NAK packet 
comprises a GOP identifier and a packet sequence number to 
indicate which data packets in which GOPs contain cor- 

20 rupted data. 

15. The network of claim 11, wherein the sending station 
buffer having a storage capacity of n+(2xtp) packets, where 
n equals the number of packets in a GOP, and tp equals the 
propagation delay. 

16 . The network of claim 11, wherein the receiving station 
buffer being of a size capable of storing 2x(n-u) packets, 
where n equals the number of packets in a GOP, and u equals 
the time to transmit said ACK packet. 

****** 
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